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Abstract
The article gives an overview on photogrammetric techniques in hydrographic environmental 
monitoring by presenting a collection of recent research projects and pilot studies, based 
both on cameras and LiDAR systems. Both techniques offer a very large spatial resolution 
and a high accuracy potential. In addition, stationary cameras also offer an almost arbitrarily 
high spatial resolution for spatio-temporal measurements. Subpixel accuracy image analysis 
techniques, combined with thorough geometric sensor modelling and calibration strategies, 
offer a very high accuracy potential, making even low-cost cameras a powerful measurement 
tool. The integration of imaging sensors and dedicated processing algorithms allows for the 
development of efficient solutions to novel challenging measurement tasks, which could not 
be solved at reasonable effort beforehand, and AI techniques increasingly facilitate the solu-
tion of complex image analysis tasks.

Resumé
Cet article donne un aperçu des techniques photogrammétriques utilisées pour suivre l'environnement 
hydrographique en présentant une série de projets de recherche et d'études pilotes récents, qui se basent 
à la fois sur des caméras et des systèmes lidar. Ces deux techniques offrent une très grande résolution 
spatiale et un potentiel de précision élevé. En outre, les caméras fixes offrent également une résolution 
spatiale pratiquement illimitée pour les mesures spatio-temporelles. Les techniques d'analyse d'images à 
précision subpixel, combinées à une modélisation géométrique rigoureuse des capteurs et à des stratégies 
de calibration approfondies, permettent d’atteindre un très haut niveau de de précision, faisant même 
des caméras à faible coût des outils de mesure performants. L'intégration de capteurs d'imagerie et 
d'algorithmes de traitement dédiés permet de développer des solutions efficaces pour des tâches de 
mesure nouvelles et complexes, qui ne pouvaient auparavant être résolues sans efforts considérables, et 
les techniques d'IA facilitent de plus en plus la résolution de tâches complexes d'analyse d'images.
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Resumen
El artículo ofrece una visión general de las técnicas fotogramétricas en el seguimiento medioambiental hidrográfico, 
presentando una colección de proyectos de investigación y estudios piloto recientes, basados tanto en cámaras 
como en sistemas lidar. Ambas técnicas ofrecen una resolución espacial muy amplia y un alto potencial de 
precisión. Además, las cámaras fijas también ofrecen una resolución espacial casi arbitrariamente alta para 
mediciones espacio-temporales. Las técnicas de análisis de imágenes con precisión de subpíxel, combinadas 
con estrategias detalladas de modelado y calibración de sensores geométricos, ofrecen un potencial de precisión 
muy alto, convirtiendo incluso a las cámaras de bajo coste en una potente herramienta de medición. La integración 
de sensores de imagen y algoritmos de procesamiento específicos permite el desarrollo de soluciones eficientes 
para tareas novedosas de mediciones difíciles, que antes no podían resolverse con un esfuerzo razonable, y las 
técnicas de IA facilitan cada vez más la resolución de tareas de análisis de imágenes complejas.
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1 Introduction
Photogrammetry is the technology for extracting pre-
cise and reliable 3D information from image data. 
Photogrammetry uses image analysis techniques 
for the automation of image measurement tasks, 
combined with strict geometric and stochastic mod-
elling for optimizing solutions, both in precision and 
reliability. Besides image data, photogrammetry also 
works with 3D point clouds and full-waveform data 
obtained from light detection and ranging (LiDAR; 
or laser scanning) techniques. The research in 
photogrammetry at TU Dresden is focused on the 
integration of sensors and processing algorithms for 
the development of efficient solutions to novel chal-
lenging measurement tasks.

In general, cameras as sensors offer the inherent 
advantage of acquiring highly resolved spatio-tem-
poral data, allowing for measurements simultaneously 
at many locations in an image at an almost arbitrary 
temporal resolution. The amount of spatio-tem-
poral data generated by a photogrammetric sensor 
system in environmental monitoring tasks will usually 
necessitate the development of task-specific fully 
automatic data processing schemes, which may – 
depending on the needs of the application at hand 
– run online in real-time or offline in a batch process. 
Photogrammetry has developed a wide range of 
image analysis techniques over the past decades, 
with artificial intelligence (AI) techniques recently 
playing a rapidly increasing role especially in tasks 
such as image segmentation.

Besides their advantage of providing spatio-tem-
porally resolved data, digital cameras also offer 
themselves as environmental monitoring sensors as 
they have become rather inexpensive over the past 
decades, with a wide choice of outdoor-suited pe-
ripheral devices being available as well. Increasingly, 
this also holds for LiDAR sensors, where solid state 
LiDAR systems for instance find lucrative markets in 
automotive autonomous driving, thus also creating 
mass markets. Using state-of-the-art subpixel accu-
racy image measurement techniques, combined with 
photogrammetric techniques for thorough geometric 
sensor modelling and camera calibration (Luhmann et 
al., 2016), even simple cameras may show a surpris-
ingly high measurement accuracy potential.

In this paper, we give a tour through some recent 
research and development projects at our institute, 
showing the potential of photogrammetric techniques 
in hydrographic environmental monitoring. The appli-
cation fields include river monitoring (Sections 2–5), 
photo- and LiDAR-based bathymetry (Sections 6 
and 8), uncrewed aerial vehicle (UAV)-based tur-
bidity analyses (Section 9) as well as a glacier lake 
outburst flood early warning system (Section 7). 
All projects briefly shown in the following have in 
common, that they use stationary or moving cameras 
or LiDAR sensors, which acquire time sequences 
of images or 3D point cloud data to monitor slow or 
fast environmental processes related to hydrography. 

Automation in precise and reliable data processing 
is a further commonality. Obviously, such a paper 
can only give a glimpse into the research and ap-
plication field, without any claim of completeness or 
representativeness.

2 Automated hydrological monitoring 
using computer vision and 
photogrammetry

A primary application of modern technologies in hy-
drology is the detailed monitoring of riverine systems. 
This involves the acquisition of water levels, flow 
velocities, and discharge rates to enable rapid and 
effective disaster response and improve flash flood 
forecasting. Traditional gauging stations are often 
cost-prohibitive and labour-intensive, leaving smaller 
catchments unmonitored. This has made the devel-
opment of cost-effective, camera-based solutions 
particularly attractive (Krüger et al., 2024).

2.1 Machine learning and data augmentation
Central to automated water level determination is 
the use of artificial intelligence (AI), specifically con-
volutional neural networks (CNNs). Models such as 
UPerNet, STCN, and the Segment Anything Model 
(SAM) are employed for the automated detection 
and semantic segmentation of water surfaces from 
camera imagery (Blanch et al., 2025a, Zamboni et 
al., 2025). These networks are trained to differentiate 
between water and non-water regions. AI models are 
trained using diverse datasets, such as the RIWA 
(River Water Segmentation) dataset (Wagner et al., 
2023). These datasets comprise images of various 
water bodies, captured with different cameras, and 
under varying resolutions, qualities, times of day, 
and seasons. This diversity is crucial for ensuring 
the models' robustness and transferability to novel, 
unobserved rivers and locations, thereby preventing 
overfitting.

To enhance the models' resilience to diverse en-
vironmental conditions, including varying lighting, 
shadows, reflections, fog, rain, or snow, data aug-
mentation strategies are applied. These include 
geometric transformations (e.g., rotation, scaling, 
distortion) and radiometric transformations (e.g., 
brightness, contrast, artificial fog or snow). A distinc-
tion is made between offline and online augmentation 
strategies (Wagner et al., 2023). Offline augmentation 
involves pre-manipulating and storing images before 
training, which can be advantageous for small data-
sets. Online augmentation occurs "on the fly" during 
training, and is especially beneficial for larger data-
sets as it can theoretically generate a much greater 
volume of data without a significant increase in 
storage requirements. 

2.2 Photogrammetric reconstruction and georeferencing
The accurate transformation of image-based meas-
urements into object-space requires geo-referenced, 
high-precision 3D models of the monitoring site and 
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the riverbed (Eltner et al., 2021). Furthermore, for 
georeferencing the hydrological models, ground 
control points (GCPs) are usually installed and sur-
veyed using total stations or global navigation satellite 
system (GNSS) as these points serve to orient the 
camera system within a global coordinate system 
and transform image measurements into the object 
space. A significant advancement is a new AI-based 
algorithm for the automated detection of GCPs in 
camera imagery (Blanch et al., 2025b). This algo-
rithm, which leverages bounding box and keypoint 
detection, allows for the automated re-identification of 
marked points. This enables the re-determination of 
the camera's position for each frame using a spatial 
resection, thereby reducing measurement inaccura-
cies caused by camera instability (e.g., from wind). 
The method exhibits high robustness to variations in 
camera properties, GCP geometry, and environmental 
conditions, achieving sub-pixel accuracy across var-
ious tested datasets. This development minimizes 
manual effort and accelerates the processing of large 
image time series. Note that temperature variations 
can influence a camera’s internal geometry, leading 
to measurement inaccuracies (Elias et al., 2019), 
necessitating regular on-site calibration or self-cali-
bration. Recent advances in image-to-geometry 
registration potentially enable the usage of the 3D 
model only for image pose estimation, even allowing 
for interior camera calibration if sufficient matches are 
found well-distributed throughout the image (Elias et 
al., 2023), making the camera-based water level ob-
servation very flexible and robust. Camera-gauges 
can now be run across several years with cm-accu-
rate water surface height measurements (Blanch et 
al., 2025a).

2.3 Flow velocity and discharge rate determination
In addition to water level, the acquisition of flow ve-
locities and resulting discharge rates is critical for 

hydrological monitoring. For surface flow velocity 
determination from short video sequences, e.g., the 
Particle Tracking Velocimetry (PTV) method can be 
used (Eltner et al., 2021a). PTV's accuracy depends 
on the presence of traceable particles and prevailing 
lighting and visibility conditions. To obtain continuous 
discharge hydrographs under challenging conditions, 
the novel statistical model "OptiQ" was developed 
(Grundmann et al., 2024). This method learns from 
past measurements to fill data gaps in the surface 
velocity distribution, which may arise from a lack of 
particles. Discharge is estimated by multiplying the 
wetted cross-sectional area (derived from the op-
tically determined water level and the terrain model) 
by the surface velocity. However, accurate discharge 
determination requires a correction factor to convert 
from the mean surface velocity to a depth-averaged 
velocity, which is ideally determined through com-
parative measurements, e.g., from acoustic doppler 
current profilers (ADCPs). Furthermore, minor errors 
in water level measurement can lead to significant de-
viations in discharge.

The developed methods demonstrate compelling 
accuracies: water level measurements are within the 
centimetre range, with root mean squared errors 
(RMSEs) of 1.3 cm to 3.0 cm for daily values over 
two years (Blanch et al., 2025a). Surface flow ve-
locity measurements often exceed 90 % accuracy 
(Eltner et al., 2020). Discharge estimations for reg-
ular cross-sections show maximum errors of 4 % to 
5 %, and the OptiQ approach achieved a RMSE of 
0.045 m³/s (Grundmann et al., 2024).

3  Long-term monitoring of riverbank 
dynamics using low-cost stereo 
cameras

Riverbanks are inherently dynamic landscapes, 
shaped continuously by hydrological and geomor-
phological processes. Understanding these changes 
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Fig. 1 Illustration of a prototype-camera gauge measuring water level and river surface flow velocities. Green polygon indicates with 
CNN automatically segmented water area. Coloured shore line in the back illustrates the projected 3D point cloud for the water 
level retrieval. Coloured tracks on the river show the scaled flow velocities derived from video measurements.
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fusion of 4D-OBC results consolidates spatial 
and temporal information, improving the resolu-
tion and reliability of detected changes.

This approach allows the riverbank’s mor-
phology to be tracked continuously, revealing 
patterns of erosion, deposition, and structural 
transformation. By generating detailed 4D point 
clouds, the system facilitates quantitative anal-
yses of volumetric change, spatial extent, and 
temporal progression of landscape evolution. 
Moreover, visualizations such as color-coded 
4D-OBCs and time series of high-amplitude 
change points provide intuitive yet rigorous de-
pictions of morphological dynamics.

3.2 Capabilities and applications
The system offers a robust platform for long-term 
environmental monitoring. It enables continuous, 
high-frequency observation of riverbanks without 
extensive fieldwork, making it suitable for remote 
or inaccessible locations. By combining low-cost 
hardware with advanced 4D analysis, it supports 
scalable and repeatable monitoring of landscape 
dynamics. Beyond riverine environments, this 
approach holds potential for applications across 
geomorphology, environmental change studies, 
and habitat monitoring, wherever detailed spati-
otemporal analysis of morphological evolution is 
required.

In essence, the integration of low-cost stereo 
cameras with 4D change detection transforms 
simple image acquisition into a comprehen-
sive, long-term monitoring capability, allowing 
researchers to observe, quantify, and interpret 
landscape evolution with unprecedented temporal 
resolution.
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is critical, as riverbank erosion can have significant 
ecological, social, and economic consequences. 
Conventional monitoring approaches, however, are 
often resource-intensive and limited in duration, re-
stricting the ability to capture long-term dynamics. 
To address these limitations, we explore a low-cost, 
automated approach for sustained, high-resolution 
observation.

Over a five-year period, a system of four stereo 
cameras was deployed at the Pulmanki River in 
Lapland, Finland, capturing images at two-hour 
intervals (Lotsari et al., 2020). While the hardware 
setup is relatively simple, the resulting image da-
tasets serve as a foundation for sophisticated 
photogrammetric processing. Through Structure-
from-Motion and Multi-View-Stereo techniques, the 
imagery is transformed into 4D point clouds, pro-
viding a continuous representation of the riverbank 
in both space and time.

3.1 Capturing change in four dimensions
The transformation of raw images into action-
able data relies on the 4D Objects-by-Change 
(4D-OBC) framework (Anders et al., 2021). 
This methodology enables the identification and 
characterization of morphological changes by 
integrating temporal and spatial information. The 
workflow includes multi-temporal point cloud re-
construction with AI-assisted georeferencing 
(Blanch et al., 2025), precise co-registration 
through ICP alignment, and computation of sur-
face differences using M3C2 distances (Lague 
et al., 2013). Temporal smoothing reduces sto-
chastic variability (Eltner et al., 2017), and trend 
analysis identifies areas of significant morpholog-
ical evolution (Fig. 2; Ulm et al., 2025). Finally, 

Fig. 2 (a) Example of fused 4D Objects-by-Change (4D-OBCs), with coloration representing M3C2-derived surface differences 
between the initial and final epochs. (b) Temporal evolution of core points exhibiting the highest change amplitude within each 4D-
OBC, shown over the duration of the detected morphological changes (from Ulm et al., 2025).
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4 River monitoring by an uncrewed 
water vehicle

When it comes to the monitoring of water bodies 
that are surrounded by vegetation, optical airborne 
systems are often limited in their vision. This can be 
overcome by using a multi-sensory uncrewed water 
vehicle (UWV; Fig. 3) that operates underneath the 
vegetation. 

UWVs are autonomous or remote-controlled 
sensor platforms, that are especially useful in small, 
hazardous or remote water bodies, where crewed 
vessels cannot be utilized. Castano-Londono et al. 
(2024) give a systematic review on existing platforms 
and evaluation algorithms. The following paragraphs 
will present our UWV and the type of data that can be 
recorded with it. 

4.1 Navigation
Positioning of the UWV in world coordinates is 
solved with a multi-band-multi-constellation GNSS 
receiver. Orientation is determined by an IMU, 
which is also (single-band) GNSS-aided. Since the 
intended application fields are water bodies, often 
surrounded by vegetation, occlusion and multipath 
form a demanding challenge for satellite-based po-
sitioning. It may therefore be beneficial to use the 
camera images for positioning (Sardemann et al., 
2023).

The UWV is built as a modular system with a 
Raspberry-Pi computer based on-board recording 
system. The central control unit serves mainly the 
tasks of starting the recording with dedicated com-
mands to the respective sensor and to receive and 
log the sensor data. It also ensures the synchroni-
sation of most of the sensors (see below). However, 
evaluation of the data is done in post processing.

4.2 Above water
Recording of the bank or shore areas is done by 
LiDAR and camera. The UWV can be equipped either 
with a panoramic dual-fisheye camera, that observes 
both riverbanks simultaneously when steered on a 
river (Sardemann et al., 2018). Using a panoramic 
view has the advantage that high overlap is achieved 
between the images, while its drawback is the limited 
image quality. Alternatively, the UWV can be equipped 
with one or multiple central-projection cameras with 
better optical quality (Sardemann et al., 2023). The 
active LiDAR generates detailed 3D point clouds of 
the river bank areas (Sardemann et al., 2023).

4.3 Under water
The UWV is equipped with a single-beam echo 
sounder, enabling the bathymetric measurement of 
a river (Sardemann et al., 2018) or a lake (Mader 
et al., 2024) applying adopted navigation and inter-
polation strategies. However, echo sounders are 
limited especially in very shallow waters. We there-
fore developed an optical measurement system, that 
delivers sub-mm accurate depths in the range of a 
few decimetres. The sensor system follows the prin-
ciple of laser triangulation, but considers the influence 
of refraction to depth calculation (Sardemann et al., 
2022). The system has so far thoroughly been tested 
in laboratory environments, and its suitability on the 
UWV was also proven (Fig. 4).

4.4 Calibration strategy
One central goal of the UWV is to combine the 
above-mentioned sensors to generate a geo-ref-
erenced point cloud of the water bottom and the 
adjacent bank areas (Fig. 5). It therefore is manda-
tory to calibrate the relative positions and orientations 
of all sensors and their coordinate systems. We de-
veloped a calibration strategy that can be applied in 
the field, directly before each measurement with the 
according sensor configuration and their final orienta-
tions (Sardemann et al., 2023). 

5 High-resolution acquisition of hydro-
morphological parameters of small 
watercourses to support flood risk 
management and the achievement of 
good ecological status

The development of small streams and drainage 
ditches in order to achieve a good ecological status 
of water bodies, as required by the European Water 
Framework Directive, poses a particular challenge 
for municipalities. For the planning of integrated 
measures for the protection and management 
of these water bodies, geodetic documentation 
and hydro-morphological classification are funda-
mental. Since data collection, especially for small 
second- and third-order watercourses, is highly 
time-consuming and cost-intensive, the project 
developed a combined surveying and evaluation 
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Fig. 3 Uncrewed water vehicle on a small river with LiDAR point cloud overlay on the river bank.
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methodology that enables efficient mapping of small 
water bodies using mobile handheld laser scan-
ners, as well as the derivation of water-specific 
parameters from the acquired measurement data. 
Consequently, the project was structured around 
three main tasks: data acquisition, data analysis, 
and validation of results.

Fig. 4 Underwater laser light sheet triangulation system: (a) 
Laser line on a wreck model in a laboratory environment. (b) 
Sensor system mounted on the UWV.

Fig. 5 UWV-based point cloud of a small river with river banks recorded by LiDAR and bathymetry by single-beam echo sounder.

1 	 Download Creek4D Mapping-Software (C4D) following https://tud.link/eglx (last accessed 4 October 2025).

5.1 Data acquisition
The work on data acquisition initially focused on the 
development of a mobile low-cost multi-sensor plat-
form, which was used for testing and development 
purposes (Blaskow & Schwalbe 2021). For the ac-
tual survey of stream morphology, the mobile laser 
scanning system GeoSlam ZEB Horizon equipped 
with an RGB camera was employed. Owing to its 
360° × 270° field of view, even narrow and over-
grown stream sections could be fully captured. A 
key area of work was the calibration of the relative 
orientation between scanner and camera in order to 
improve the transfer of RGB colour information onto 
the 3D point clouds. To this end, a procedure (in-
cluding an appropriate calibration environment) was 
developed that allows for precise determination of 
both temporal offsets between the trajectories of 
the camera and scanner as well as deviations in the 
positioning of the lever arm. Stream surveys were 
conducted using a stop-and-go method supported 
by RTK-GNSS control points and loop closures. For 
geo-referencing, control points were defined along 
the stream and directly integrated into the trajectory 
during scanning by briefly positioning the scanner on 
the control points while passing. Depending on the 
measurement conditions, the surveying of control 
points was carried out either prior to or simultane-
ously with the scanning process.

5.2 Data analysis
A main objective was the development of a freely avail-
able prototype software package1 capable of deriving 
hydro-morphologically relevant parameters from image 
and laser scanner data (Fig. 6).

A graphical user interface allows the visualization 
of input data, intermediate results, and final outputs 
in both 2D and 3D, as well as the control of analysis 
algorithms. For areal features, a method was imple-
mented to separate terrain and vegetation points 
within the point cloud, classify them, and subse-
quently convert them into raster and vector data. This, 
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for example, enables the mapping of slope areas 
or vegetation zones. Linear features such as shore-
lines or embankment edges are extracted through 
a combined analysis of point cloud and image data. 
In this process, lines can be measured manually or 
semi-automatically within the images and then pro-
jected directly into 3D space. This allows the precise 
derivation of creek centre-lines, riparian strips, and 
break lines. Point features, such as small structures 
or special objects, are directly marked within the 
point cloud and assigned with attributes. A super-
imposed visualization of image and laser scanning 
data facilitates unambiguous identification. In addi-
tion, initial tests with AI-supported segmentation were 
conducted, indicating potential for future automa-
tion of shoreline mapping. All detected objects can 
be transformed into a reference coordinate system 
and exported as shape-files for subsequent integra-
tion into geographic information systems. Separate 
files with associated attribute tables are generated 
for areal, linear, and point features. Key parameters, 
such as slope classes or vegetation height for sur-
face features, are automatically derived and included 
in the corresponding attribute tables.

5.3 Validation
To assess the accuracy of the entire acquisition and 
evaluation process, reference and repeat measure-
ments were carried out, particularly along shorelines. 
Comparisons with RTK-GNSS reference data re-
sulted in mean deviations of approximately 0.12 
m (spring survey) and 0.15 m (summer survey). 
Seasonal effects such as water level and vegetation 
density influence the interpretability of the survey data 
and contribute significantly to the overall accuracy. In 
general, the achievable positional accuracy is on the 

order of one to two decimetres. To evaluate efficiency, 
the time required for data acquisition and analysis 
was also documented. Compared to conventional 
tacheometric methods, time savings of approximately 
one order of magnitude were achieved.

6 Compensation of wave effects in through-
water photogrammetry by processing 
short image sequences

The key problem when mapping and monitoring of water 
bodies with photogrammetric methods is the modelling or 
compensation of refraction effects when imaging through 
water. While the modelling of the refraction is clearly de-
fined for still water surfaces, as here the water surface 
can be considered as a horizontal plane, the problem be-
comes much more complex when the water surface has 
waves – as actually in many cases. Several approaches, 
such as the one described by Sardemann et al. (2024), 
attempt to address this issue by mathematically mod-
elling the water in object space using spline or Fourier 
parametrizations and simultaneously determining the 
water parameters together with the object point coordi-
nates. However, some aspects limit this this method to 
rather simple wave patterns only. Firstly, a decent imaging 
quality of submerged features is essential for proper de-
tection and measurement. This is seldom the case for 
water bodies with small crippling waves which cause ir-
regular image distortions. Furthermore, the complexity of 
water modelling cannot be driven too far, otherwise the 
reliability and accuracy of the determination of the pa-
rameter drops dramatically. Lastly, the submerged scene 
must be captured simultaneously from different directions 
(e.g. cameras) which means a high effort in synchronisa-
tion and costs for equipment.

An alternative approach to solving the problem of 
wavy water surfaces is to transfer it to image space. The 
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Fig. 6 Open-source research software C4D for deriving waterbody-specific parameters from point clouds and image sequences. It 
includes methods for terrain and vegetation classification within point clouds, subsequent approaches for generating and mapping 
areal features, techniques for 3D mapping of linear and point features in image data and point clouds, as well as methods for ex-
tracting geometric and semantic attributes of the mapped objects.
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Hz from defined positions. However, even with the use 
of a gimbal, the images showed motion effects of up to 
30 pixels in every direction within a sequence. However, 
any remaining small movements could be compensated 
for by co-registering all images to a reference image (e.g. 
a frame in the middle of the sequence), based on least-
squares matching applied to stable tie points on dry 
land. The RMSE of this co-registration was in the order 
of 0.1 pixels.

The stack of co-registered images can then be for-
warded to the pixel-wise analysis of grey values within the 
image sequence. Finally, a corrected image with a ge-
ometry almost as if it would have been captured through 
a flat horizontal water surface can be forwarded to the 
standard multi-media photogrammetry pipeline for for-
ward intersection of homologous image points. Fig. 7 
shows the results of image sequence processing, Fig. 8 
shows a comparison of Structure from Motion (SfM) re-
sults using original and sequence-processed image data. 
Besides the improvement in geometric accuracy for 
the underwater terrain points, the number of feature 
points could be increased significantly due to com-
pensated local image distortions.

19 

pixel-wise analysis of the variation of grey values within 
a short image sequence taken by a stationary camera 
is one way to reduce the disturbing effects down to an 
acceptable level. We assume, that the water surface 
moves randomly around its idle state, so moments with 
horizontally oriented water surface elements should occur 
more frequently than others. Through simple pixel-wise 
Median-filtering on the time axis, the ‘right’ grey value, 
which would ideally be captured through a horizontal 
water element, can be identified. The result is an image, 
which almost corresponds to one taken through a flat 
water surface. Several lab experiments provided proof of 
concept (Mulsow et al., 2024).

To test the method in a real-world scenario, several 
data sets were acquired during a measurement cam-
paign at the pre-alpine Pielach River in October 2024 
following a major flood event in September of that year 
(Mandlburger et al., 2025). The image sequences were 
captured using a DJI M350 RTK multicopter with a 
Zenmuse P1 45 MP RGB camera, flying at an altitude 
of 30 m, which means a ground sample distance of 3 
mm. Operating the UAV in hovering mode, around 100 
images per sequence were taken with a frequency of 0.7 

Fig. 7 (a) Original image with wave effects. Small inlets illustrate the-blurring effect at the submerged checkerboard targets. (b) 
Corrected image (processed from~100 images) with the geometry of an image which would have been taken through a calm flat 
water surface. The shape of the targets could be successfully restored.
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Fig. 8 (a) Point clouds extracted from uncorrected image material and (b) from processed mage sequences. The improvement in 
quality and coverage is quite obvious.

7 Pilot study on a photogrammetric glacier 
lake outburst flood early warning system

Glacier Lake Outburst Floods (GLOFs) depict an 
environmental risk with an increasing damage poten-
tial in many regions of the world. GLOFs are often 
caused by glacier margin lakes, which suddenly find 
a drainage path underneath the bottom of a glacier, 
which is retreating and destabilized as a conse-
quence of local or global climate changes. In a typical 
GLOF event, a glacier margin lake may drain com-
pletely in 24 hours, causing a large flood wave in the 
area downstream the glacier. 

A pilot study has been conducted on the con-
figuration of a terrestrial photogrammetric glacier 
margin lake monitoring system observing some 
recent GLOF events in the Northern Patagonian 
Icefield in Chile (Fig. 9; Maas et al., 2012). The 
monitoring system is based on a camera taking 
images at regular time intervals. In these images, 
variations of the water level can be detected by 
tracking the water-land interface at pre-defined 
image spots. Due to the drainage mechanism, 
which is characterized by erosion and melting at 
the bottom of the glacier, GLOFs are indicated by a 
progressive water level drop in the lake. Water level 

changes may be detected with subpixel accuracy 
by image sequence processing methods. If a 3D 
model of the lake bottom topography (or at least 
one height profile into the lake) exists, water level 
changes in monoscopic image sequences may be 
transformed into volume loss. The basic idea herein 
is the intersection of a terrain profile with a water 
level detected in the image and projected into ob-
ject space (Fig. 10).

The camera orientation can be determined via a 
GNSS-supported photogrammetric network. Camera 
orientation changes, which may for instance be in-
duced by wind, can be compensated by tracking 
some fiducial marks at suitable positions in the image 
(Schwalbe & Maas, 2017). The system has been 
used in a pilot study at two glacier margin lakes in the 
Northern Patagonian Icefield. These lakes have a depth 
of about 80–100 meters. The larger one (Lago Cachet 
II) has a length of 5 km and a maximum volume of about 
200,000,000 m3. During the pilot study, several GLOF 
events could be recorded and processed (one of them 
shown in Fig. 11). Water level changes can be deter-
mined a precision of less than one decimetre. The re-
sults prove the feasibility of the concept, which has to 
be completed by a data telemetry and alarm system.
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Fig. 9 (a) Camera installation at Lago Nef Norte and (b) empty lake after GLOF event.

Fig. 10 Principle of monoscopic camera-based water level determination.

Fig. 11 Water level at Lago Cachet II over a two months period (Maas et al, 2012).



P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW https://doi.org/10.58440/ihr-31-2-a18

PHOTOGRAMMETRIC TECHNIQUES IN HYDROGRAPHIC ENVIRONMENTAL MONITORING

22 

8 Improved LiDAR bathymetry water 
bottom topography acquisition 
by non-linear waveform stacking 
techniques

Coastal marine areas are subject to dynamic natural 
processes such as currents, tides, storm events 
as well as human impact, which significantly influ-
ence the topography of the seabed (Wright & Thom 
2023; Hendriks et al., 2020; Kubicki et al., 2007). 
Continuous monitoring of seabed topography en-
ables morphological changes to be detected at an 
early stage and appropriate measures to be taken to 
ensure safe navigation, infrastructure planning, and 
coastal protection. This requires high-resolution, re-
liable, regularly updated bathymetry data.

Ship-based hydro-acoustic methods are consid-
ered a proven method for the accurate and reliable 
acquisition of water bottom information. However, 
these methods reach their limits in shallow waters, as 
they are logistically complex and their efficiency de-
creases with decreasing water depth. Airborne LiDAR 
bathymetry (ALB) is a promising alternative for these 
areas and a useful addition in general. Bathymetric 
laser scanners use green laser pulses (mostly 532 nm) 
to acquire information about the water body (surface, 
column/volume, bottom) (Guenther et al., 2000). The 
sensors record the backscattered laser signal parts 
at high temporal resolution as full-waveform (FWF) 
signal, which provides detailed insights into the char-
acteristics of the water body.

The underwater range of the laser signal is reduced 
by absorption and scattering effects in the water, es-
pecially at high turbidity levels, which often makes it 
difficult to detect water bottom echoes and limits the 
measurement process significantly (Guenther, 1985; 
Guenther & Goodman, 1978). While measurement 
depths of ~50 meter can be reached in very clear 
water, these may be reduced to less than two meter 
under turbid water conditions. This leads to data gaps 
and limited measurement coverage of the bottom.

Depending on the water properties, suitable pro-
cessing methods for ALB data, in particular FWF data, 

can significantly improve penetration depth and thus 
the acquisition of water bottom information. Two such 
processing methods are the signal-based full-wave-
form stacking (sigFWFS; Fig. 12; Mader et al., 2021) 
and the volumetric full-waveform stacking (volFWFS; 
Fig. 13; Mader et al., 2023a). Both approaches com-
bine multiple adjacent FWF into a pseudo-waveform 
signal, assuming that closely spaced measurement 
signals have very similar characteristics in terms of 
water depth and FWF shape. The pseudo waveforms 
have a significantly improved signal-to-noise ratio, in 
consequence even weak water bottom echoes can 
be detected. Instead of simple averaging to avoid 
low pass filtering induced smoothing effects, a non-
linear majority voting-based filtering techniques has 
been introduced (Mader et al., 2021). While sigFWFS 
focuses on the stacking of the FWFs themselves, 
volFWFS is based on the projection of the meas-
ured FWF data into a voxel space representation. 
Additional filtering methods increase the reliability of 
both methods significantly.

Both methods have been validated using ALB data 
from a part of an inland waterway, the Elbe River, and 
an area in the German North Sea (Fig. 14; Mader et 
al., 2021, 2023a, 2023b). The results show a sig-
nificant improvement: Compared to standard data 
processing, the average penetration depth was in-
creased by up to 33 % (from 1.65 m to 2.20 m) in 
inland waters and by 26 % (from 2.87 m to 3.62 m) 
in marine waters. This results in the coverage of 
a significantly larger area of the water bottom with 
measurement points. In the case of the Elbe River, 
the information on the riverbed was doubled. In the 
North Sea area, the value was lower at +14.6 %, but 
still represents a significant gain in water bottom infor-
mation solely through enhanced data processing. Of 
course, the metrics of the information gained about 
the water bottom are dependent on the characteris-
tics of the water, such as turbidity, and the nature of 
the bottom topography and can vary from water to 
water.

Hydroacoustic measurements were used for a 

Fig. 12 Principle of the gen-
eration of a stacked FWF. 
On the left side are the indi-
vidual full-waveforms and on 
the right side is the stacked 
full-waveform resulting from 
the stacking of the individual 
full-waveforms.
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Fig. 13 Principle of the gener-
ation of an ortho FWF. On the 
left there is a voxel space rep-
resentation including intensity 
information of individual FWF, 
on the right the derived ortho 
FWF based on intensity infor-
mation of a voxel column.

Fig. 14 ALB in the German 
Wadden Sea National Park. 
Top: Location of the study area 
(left) and the investigated sub-
area (right). Bottom: Seabed 
point clouds resulting from 
standard processing (OWP), 
the sigFWFS processing and 
the volFWFS processing. The 
point clouds are color coded 
by their height coordinate.
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Fig. 15 Schematic representation of the methodology for analysing the decay in ALB full-waveforms: (a) Integral Turbidity Mapping 
and (b) Depth-Resolved Turbidity Mapping.

Fig. 16 Example for the Integral Turbidity Mapping approach: (a) 2D turbidity parameter field of a shallow inland water body, (b) 
results of quantitative evaluation.

Fig. 17 Example for the Depth-Resolved Turbidity Mapping approach: (a) vertical turbidity layers detect-ed in ortho full-waveform, (b) 
vertical turbidity layers measured with turbidimeter at CTD probe.
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quantitative validation of the FWF stacking results, 
confirming high accuracy and reliability achieved with 
the new methods for both the Elbe study area and 
the North Sea. The calculated RMS values are around 
0.10 m for sigFWFS and volFWFS. Over 98% of the 
newly acquired points had an absolute height devia-
tion of less than 0.25 m. These results demonstrate 
the good plausibility and reliability of the water bottom 
information gained through FWF stacking methods.

9 Quantification of water turbidity 
by volumetric analysis of LiDAR 
bathymetry data

Turbidity, an optical measure of water clarity, is a key 
water quality metric. It results from suspended in-
organic and organic particles, as well as coloured 
dissolved materials that absorb and scatter light, 
reducing transparency. Turbidity levels can greatly 
vary within a water body, indicating factors like algae 
growth from fertilizers or sediment from erosion. These 
changes affect light transmission, impacting photo-
synthesis and predator visibility, making turbidity a vital 
environmental indicator.

Conventional in-situ turbidity measurements are 
time-consuming and often only represent small 
areas. ALB offers a promising alternative since the 
measurement data not only provide detailed infor-
mation about water depth but also capture valuable 
insights into water turbidity. Dissolved organic and 
inorganic particles influence the amount of laser en-
ergy that is backscattered, which in turn affects the 
shape of the recorded LiDAR full-waveform signal. By 
analysing the decay of the full-waveform signal, it is 
possible to comprehensively evaluate water turbidity. 
For this purpose, we have developed two methods: 
The Integral Turbidity Mapping (2D) and the Depth-
Resolved Turbidity Mapping (3D). Both methods are 
applied to ortho full-waveforms, which are derived 
from volumetric reconstructions of the measurement 
data (Section 8).

In the Integral Turbidity Mapping approach (Richter 
et al., 2017, 2021), an exponential function is fitted 
into the water column part of the ortho full-waveform 
(Fig. 15a). The resulting exponential decay coefficient 
serves as a quantitative, integral, and non-metric in-
dicator of water turbidity. This approach enables the 
extraction of 2D turbidity parameter fields from ALB 
data. Fig. 16a shows such a 2D turbidity parameter 
field in a study area of a shallow river. It can be seen 
that small-scale differences in flow velocity caused 
by the groynes lead to locally varying turbidity values. 
The results of the quantitative evaluation indicate that 
neighbouring full-waveforms yield similar turbidity 
values (Fig. 16b).

25 

The Depth-Resolved Turbidity Mapping approach 
(Richter et al., 2022, 2024) enables the derivation 
of 3D turbidity parameter fields from small-footprint 
LiDAR bathymetry data. For this purpose, depth-re-
solved turbidity values are extracted for each water 
column segment of the ortho full-waveforms by fitting 
multiple exponential segments to the volume backs-
catter signal (Fig. 15b). Both the number of segments 
and the transition points between them are automat-
ically determined from the dataset itself. The meth-
odology was evaluated on a clear-water lake using 
UAV-based LiDAR bathymetry data. Fig. 3a shows 
an example of an ortho full-waveform in which three 
layers of varying turbidity were detected. For valida-
tion, an extensive set of conventional in-situ turbidity 
measurements was collected concurrently with the 
LiDAR survey (Fig. 17b). The comparison demon-
strates strong agreement between the turbidity layers 
derived from the LiDAR data and those obtained from 
the reference measurements, confirming the reliability 
of the approach.

In summary, volumetric analysis of LiDAR bathym-
etry data enables detailed and spatially resolved 
turbidity quantification. Using both Integral and Depth-
Resolved Turbidity Mapping, 2D and 3D turbidity 
fields can be generated, capturing lateral and vertical 
water quality variations. The strong correspondence 
with conventional measurements demonstrates the 
potential of these methods for efficient, large-scale 
aquatic monitoring.

10 Conclusion
The goal of the paper was to give a brief overview 
on some recent application of photogrammetric 
techniques in hydrographic environmental mon-
itoring. Obviously, the list of applications shown 
in the paper is incomplete and does not claim to 
be representative. But the applications may give 
a glimpse into the large potential and the very 
wide range of applications of photogrammetric 
techniques in hydrographic measurement and mon-
itoring tasks. Cameras and their periphery have 
become ubiquitous and ever cheaper, and so do 
small solid state LiDAR sensors, thus forming a 
basis for the configuration of manifold task-specific 
2D or 3D spatio-temporal data acquisition systems. 
Subpixel accuracy image analysis techniques, 
combined with photogrammetric sensor modelling 
and calibration strategies, offer a very high accuracy 
potential, making even low-cost cameras a serious 
measurement tool. The use of such sensors for hy-
drographic monitoring tasks is further boosted by 
AI techniques increasingly facilitating the solution of 
complex image measurement tasks.
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